Abstract: L-Leu-based heteropeptides having (R)-or (S)-chiral five-membered carbocyclic ring amino acids (Ac 5 c 3EG ) with an ethylene acetal moiety were prepared. A conformational analysis using FT-IR absorption, 1 H NMR, and CD spectra revealed that L-Leu-based hexapeptides and nonapeptides having (R)-or (S)-Ac 5 c 3EG formed right-handed (P) helical structures in solution. An X-ray crystallographic analysis of nonapeptides 5a and 5b showed similar right-handed (P) α-helical structures, without an intramolecular hydrogen bond of the peptide N-H···-O-(acetal) type.
Introduction
L-Amino acid-based heteropeptides having α,α-disubstituted α-amino acids (dAAs) have been reported to form helical secondary structures. [1] [2] [3] [4] [5] [6] As a dAA, α-aminoisobutyric acid (Aib) has widely been used to induce helical structures. A right-handed (P) 3 10 -helix is induced in relatively shorter L-amino acid-based peptides having a high Aib content; however, a right-handed (P) α-helix is preferentially formed in relatively longer L-amino acid-based peptides having a low Aib content. [7] Besides Aib, we incorporated cyclic dAAs such as achiral 1-aminocyclopentanecarboxylic acid (Ac 5 c), [8, 9] chiral (S,S)-1-amino-3,4-(dimethoxy)cyclopentanecarboxylic acid {(S,S)-Ac 5 c dOM }, [8] [9] [10] [11] and (1S,3S)-1-amino-3-methoxycyclopentanecarboxylic acid {(1S,3S)-Ac 5 c OM } [12, 13] into L-Leu-based heteropeptides -(L-Leu-L-Leu-dAA) n -as model peptides. The amino acid (S,S)-Ac 5 c dOM has two chiral centers exclusively at the side chain without a α-chiral center, and the (1S,3S)-Ac 5 c OM has chiral centers both at the α-carbon and at the side chain. We reported that these cyclic amino acid-containing L-Leu-based peptides induced right-handed (P) α-helical structures. Furthermore, the cyclic amino acid-containing L-amino acid-based heteropeptides may be used as chiral organocatalysts [13] [14] [15] and cell-penetrating peptides. [16] [17] [18] [19] We previously reported the synthesis of a chiral five-membered carbocyclic ring dAA: (R)-or (S)-amino-3,3-(ethylenedioxy)cyclopentanecarboxylic acid (Ac 5 c 3EG ) with an ethylene acetal moiety, in which the α-carbon atom was a chiral center, and the helical structures of its homo-chiral homopeptides. [20] In the present study, to reveal the influence of (S)-or (R)-Ac 5 c 3EG on its heteropeptide conformation, we prepared L-Leu-based heteropeptides having (S)-or (R)-Ac 5 
3EG }] n -OMe (n = 1, 2, and 3), and examined their preferred conformations in solution and in a crystal state ( Figure 1 ). 3EG -OMe (2a) [20] using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) and 1-hydroxybenzotriazole (HOBt) as coupling reagents in 94% yield. The hydrolysis of the C-terminal methyl ester in 3a under alkaline conditions (NaOH/H 2 O-THF) proceeded to give a tripeptide carboxylic acid, and the N-terminal-protecting group in 3a was removed by hydrogenolysis using H 2 /Pd(OH) 2 -C to produce a tripeptide amine. The coupling between them using [ethyl cyano(hydroxyimino)acetato-O 2 ]tri-1-pyrrolidinylphosphonium hexafluorophosphate (PyOxim) [21] and N,N-diisopropylethylamine
3EG }] 2 -OMe (4a) in 49% yield. Similarly, nonapeptide (5a) was prepared in 58% yield from the hexapeptide amine and tripeptide carboxylic acid.
(
, and 3 (5b)} were prepared in a similar manner to those of (S)-Ac 5 c 3EG -containing peptides. The spectroscopic data of heteropeptides supported their chemical structures. Figure 2 shows the FT-IR absorption spectra of peptides Cbz
Conformational Analysis in Solution
3EG }] n -OMe (b) in CDCl 3 solution (5.0 mM). In the N-H stretching region (amide A) of peptides 4a,5a and 4b,5b (n = 2 and 3), strong bands were noted at 3310-3340 cm −1 and these bands may have been derived from the peptide N-H groups with N-H···O=C intramolecular hydrogen bonds. On the other hand, weak bands were observed at approximately 3430 cm −1 and these bands may have been derived from the free solvated N-H groups. [22] No band at approximately 3370-3390 cm −1 , which may have been derived from the intramolecular hydrogen bonds of the N-H···-O-(acetal) type, was observed. [23, 24] In tripeptides 3a and 3b, no band or a very weak band was observed at approximately 3350 cm −1 . These results suggest that the β-turn structure (the peptide N-H group with N-H···O=C intramolecular hydrogen bond) was not formed or unstable in the CDCl 3 solution of 3. 
due to signal overlaps. [25] The spectrum of Cbz-[L-Leu-L-Leu-{(R)-Ac 5 c
3EG }] 2 -OMe 4b also showed only partial NH (i → i+1) dipolar interactions from N(1)H to N(3)H; no other information was obtained because of signal overlaps.
The CD spectra of peptides 3a-5a and 3b-5b in 2,2,2-trifluoroethanol (TFE) solution are shown in Figure 3 . [8, 9, 26, 27, 28] Tripeptides 3a and 3b show no characteristic maxima (222 nm and 208 nm) for helical structures, and these results are attributed to the peptidemain chain length not being sufficiently long to form helical secondary structures.
In contrast, the CD spectra of hexapeptides 4a, 4b and nonapeptides 5a, 5b showed negative maxima at approximately 222 nm and 208 nm, respectively, and a markedly stronger positive maximum at approximately 192 nm; however, the intensities of the maxima of 4b were relatively weak. The chiral centers of L-Leu residues may control the helical-screw sense of peptides into right-handedness because 66% content of L-Leu exists in heteropeptides 4 and 5, and the propensity of the helical-screw control of cyclic amino acid (S)-Ac 5 c 3EG is relatively weak. [20] The intensities of maxima in (S)-Ac 5 c 3EG hexapeptide 4a were stronger than those of (R)-Ac 5 c 3EG hexapeptide 4b. This may be attributed to the chiral centers of L-Leu matching that of (S)-Ac 5 c 3EG and mismatching that of (R)-Ac 5 c 3EG ; however, the (S)-Ac 5 c 3EG homopeptides preferentially formed left-handed (M)-helices. [20] However, the effects of chiral (S)-and (R)-Ac 5 c 3EG on the right-handed (P) helical structures of L-Leu-based peptides currently remains unclear because the CD spectra of (S)-and (R)-Ac 5 c 3EG -containing nonapeptides 5a and 5b showed similar shapes. Table 1 , and the relevant backbone and side-chain torsion angles as well as the intra-and intermolecular hydrogen bond parameters are listed in Tables 2 and 3 . Molecular structures are shown in
Figures 4 and 5.
[29] [a] The number of amino acid residues begins at the N terminus of the peptide chain. Nonapeptide 5a was solved in the space group P2 1 2 1 2 1 to give a right-handed (P) α-helical structure along with one water molecule in the asymmetric unit. The average φ and ψ torsion angles of residues (1-8) were -61.6° and -44.7°, respectively, which were consistent with those of the ideal (P) α-helix (−57° and −47°). [30] [31] [32] [33] However, the signs of the φ and ψ torsion angles of the (S)-Ac 6 c 3EG residue (9) at the C-terminus were positive, and opposite to those of the preceding residues. The reversal of the signs of the C-terminal residue torsion angles are frequently observed in helical Aib and related peptides, and known as the helix-terminating structure. [34, 35] Four intramolecular hydrogen bonds of the i←i+4 type N-H···O=C (α-helix) were observed between H-N(i+4) and C(i)=O(i) (i = 1, 2, 4, 5), and two weak intramolecular hydrogen bonds of the i←i+4 type (α-helix) were observed between H-N(i+4) and C(i)=O(i) (i = 0, 3). In the packing mode, an intermolecular hydrogen bond was observed between the H-N(1) peptide donor and C(8')=O (8') [N(1)···O(8') = 2.85 Å] of a symmetry-related (x, −1+y, z) molecule. Furthermore, the peptide H-N(3') donor of the symmetry-related (x, 1+y, z) molecule was intermolecularly hydrogen-bonded to a water O w , and the water H-O w donor formed hydrogen bonds with C(7)=O (7) [O w ···O (7) Diastereomeric nonapeptide 5b crystallized in the space group P2 1 to form a right-handed (P) α-helical structure, along with one methanol and one water molecule in the asymmetric unit. In the (P) α-helical structure of 5b, a reversal of the C-terminal torsion angle signs also occurred, i.e., the signs of the φ and ψ torsion angles of the C-terminal residue (9) were opposite to those of the preceding residues (1-8). The average values of the torsion angles φ and ψ of residues (1-8) were -66.7° and -40.4°, respectively.
Six consecutive intramolecular hydrogen bonds of the i←i+4 type N-H···O=C (α-helix) were observed between (i+4) and C(i)=O(i) (i = 0~5). In the packing mode, similar to those of 5a, an intermolecular hydrogen bond was observed between the H-N(1) peptide donor and C(8')=O (8') [N(1)···O(8') = 2.82 Å] of a symmetry-related (x, y, 1+z) molecule. Furthermore, the peptide H-N(3') donor of the symmetry-related (x, y, -1+z) molecule was intermolecularly hydrogen-bonded to a water O w , and the water H-O w donor formed hydrogen bonds with C(7)=O (7) [O w ···O (7) We previously reported that short homopeptides (up to a tetrapeptide) composed of the six-membered carbocyclic ring amino acid (R,R)-Ac 6 c 3,5Bu bearing two γ-acetal moieties preferentially formed helical structures with intramolecular hydrogen bonds of the N(i)-H···-O-(i, acetal) type both in solution and in the crystal state (Figure 7) . [23] On the other hand, homopeptides (hepta-and octapeptides) composed of the five-membered carbocyclic ring amino acid (R)-Ac 5 c 3EG with an acetal moiety at the γ-position showed left-handed (M) helical structures in solution without the N(i)-H···-O-(i, acetal)-type intramolecular hydrogen bond. [20] The carbocyclic ring size difference of dAAs may affect the distance of N(i)-H and -O-(i, acetal), and the intramolecular hydrogen bond pattern may be different. 
Experimental Section General Experimental Methodology
Optical rotations [α] D were measured using a 1.0 dm cell. Circular dichroism spectra (CD) were measured using a 1.0-mm path length cell. Infrared absorption spectra (IR) were recorded for conventional measurements (KBr), and the solution (CDCl 3 ) method using the 0.1-mm path length of an NaCl cell.
1
H NMR spectra were obtained at 400 or 500 MHz. FAB-HRMS spectra were taken in the dualfocusing sector field mode, and ESI-HRMS spectra were measured in the ToF mode. 3EG -OMe 2a (281 mg, 1.40 mmol) in CH 2 Cl 2 (4 mL) was added dropwise to the reaction mixture at 0 °C. The resultant solution was gradually warmed to room temperature and stirred overnight. After the removal of CH 2 Cl 2 , the residue was diluted with EtOAc and washed successively with 1 M aqueous HCl, water, 5% aqueous NaHCO 3 , and brine. The organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. 
